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Theory-driven design of high-valence metal sites for water oxidation confirmed using in situ soft X-ray absorption Electrochemical reduction of carbon dioxide to value-added fuels seeks to reduce the present-day dependence on legacy fossil fuels and thereby mitigate net CO 2 emissions [1] [2] [3] [4] . In electrochemical CO 2 reduction, the use of neutral-pH aqueous electrolyte is desired since it provides the highest CO 2 solubility while suppressing the undesired competing hydrogen evolution reaction.
Unfortunately, in pH-neutral electrolytes, the overpotential of the anodic oxygen evolution reaction (OER) is, in the best catalysts reported to date, very high (> 460 mV at 10 mA/cm 2 ) 3, [5] [6] [7] . This limits the electrical-to-chemical power conversion efficiency of the overall reaction. To improve the energy efficiency of CO 2 conversion, efforts have been made to provide CO 2 reduction in neutral media while operating OER in alkaline electrolyte. However, the effective overpotential remains high (~ 430 mV) due to the additional energy needed to overcome the effect of pH gradients 3, 8, 9 , i.e. the need also to overcome the membrane potential. Breakthroughs in low-overpotential, stable, and earth-abundant OER catalysts that operate optimally in neutral pH are therefore urgently needed to complement rapid advancements in CO 2 reduction electrocatalysts.
High-valence transition metal (TM) ions incorporated into metal oxides are known to achieve a high reactivity towards water oxidation 5, [10] [11] [12] [13] [14] [15] . However, as evidenced in their Pourbaix diagrams, TM ions prefer to take on low-valence oxidation states at neutral pH 5, 11, [16] [17] [18] . We adopted a new strategy, one in which we would seek to minimize the energy (formation energy) required for active metal sites to reach the desired high oxidation state in neutral pH 5, 12 . We hypothesized that low active-site formation energy would correlate well with a low overpotential to reach the high-turnover-frequency activated state.
We focus in on the well-known Ni 2+ Ni 4+ earth-abundant catalyst 5, 12, 18 . We sought to challenge our posited correlation experimentally, pursuing in situ monitoring of the oxidation state of the OER catalyst.
Multi-metal oxides based on Co, Fe, and Ni often outperform unary metal oxides due to modulation of their electronic properties and the resulting fine-tuning of the adsorption energies of the reaction intermediates 10, [19] [20] [21] [22] [23] [24] [25] . Concomitantly, cobaltphosphate compounds exhibit high activity at neutral pH 6, 11, 26 . We turned instead to soft X-ray absorption spectroscopy (sXAS) at TM L 2,3 -edges, which accurately and efficiently quantifies TM oxidation states since these dipoleallowed 2p  3d optical transitions probe directly the 3d-states that are crucial to chemical activities. It provides detailed information on the local electronic structure and is sensitive to chemical bonding and oxidation states [32] [33] [34] [35] [36] [37] . The sXAS measurements performed here were made using partial fluorescence yield intensity. These spectra are not strictly proportional to the x-ray attenuation coefficient due to state dependent decay probabilities 32 . These electron delocalization effects are known to enhance the fluorescence intensities of the higher energy transitions in a L-edge PFY spectrum. We considered these effects in our interpretation of in situ measurements. We concluded that the magnitude of the bias-dependent changes we observed was much greater than the small effects that arise due to state-dependent decay 33 .
A challenge limiting the use of sXAS to study in situ operating OER catalysts arises from its limited probing depth. sXAS does not therefore reveal the (remote, farside) active surface behavior of an operating catalyst when excited and probed through a window and substrate (Fig. 2) .
We therefore synthesized highly nanoporous NiCoFeP samples into which we expected the electrolyte used in OER might substantially penetrate. We employed an in situ electrochemical flow cell that used an ultrathin Si 3 N 4 membrane window (100 nm thick) to separate the liquid medium inside the cell from the high-vacuum environment needed for soft X-ray measurements (Fig. 2a) . The working electrode for loading catalysts consisted of a ~20-nm Au film evaporated on the internal side of the Si 3 N 4 membrane in contact with a flowing CO 2 saturated 0.5 M KHCO 3 solution as electrolyte.
Scanning transmission electron microscopy (STEM) images of NiCoFeP reveal a structure composed of nanosheets and nanopores (Fig. 2b) . Energy-dispersive X-ray spectroscopy (EDS) mapping ( Supplementary Fig. 7 ) and electron energy loss spectroscopy (EELS) elemental maps with sub-nm resolution ( Supplementary Fig. 9) show a uniform, uncorrelated spatial distribution of Ni, Co, Fe, and P with 9:1:1:0.1 atomic ratio determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) analysis ( Supplementary Fig. 10 ).
As a result of 2p core hole spin−orbit splitting, both experimental and theoretical Ni L-edge XAS spectra (Fig. 2c) are divided into two regions of interest: The L 3 -edge near 856 eV and the L 2 -edge near 874 eV. High-resolution sXAS spectra can also resolve the fine multiplet structure arising from Ni 2p-3d interactions and crystal field effects from the modulated local coordination environment 34, 36 . We first measured Ni Ledges using partial fluorescent yield (PFY) on samples prepared ex situ, where we observed no difference compared to open-circuit potential conditions (Fig. 2d) . We then acquired PFY at the Ni L-edge, with a probing depth of approximately 300 nm, collecting real-time spectra while applying constant anodic bias of +1.6 V, +1.8 V and +2.0 V vs.
reversible hydrogen electrode (RHE), respectively.
In order to understand the changes in the Ni L-edge, we carried out firstprinciples calculations, solving the Bethe-Salpeter equation (BSE) for correlated electrons and holes with the goal of predicting theoretical sXAS spectra with the aid of the OCEAN simulation package 38, 39 . system, the L3-edge is split into a main peak and a secondary feature at higher energies. To reproduce multiplet effects, we further perform an atomic configuration calculation with the CTM4XAS code 41, 42 . The magnitude of the crystal field splitting is chosen to be 2.0 eV, which is estimated from the DFT+U calculation for the layered Supplementary Fig. 4 ). We chose LiNiO 2 as our Ni 3+
reference because it has a layer double hydroxide structure. We subtracted Ni (Fig. 2d) .
We also acquired Ni in situ sXAS while varying potentials for NiCoP ( Supplementary Fig. 13 ) and NiP ( Supplementary Fig. 14) . The NiCoP sample exhibited a significantly lower Ni 4+ /Ni 2+ ratio than the NiCoFeP sample at varying potentials ( Fig.   2e and Supplementary Fig. 13 ). In NiP, we detect no ostensible changes in the oxidation state even in presence of a 2.0 V potential ( Supplementary Fig. 14 Fig. 16 ).
Water oxidation electrocatalysis.
We then proceeded to compare the catalytic performance of NiCoFeP with that of the reference samples NiP, NiCoP and IrO 2 for the oxygen evolution reaction. To increase the conductivity of the electrode, we loaded our catalysts on a gold-plated nickel foam. Representative OER currents were measured in CO 2 -saturated 0.5 M KHCO 3 aqueous electrolyte at a scan rate of 1 mV s -1 (Fig. 3a) (currents are uncorrected and thus are already penalized by the effects of resistive losses incurred within the electrolyte).
The NiCoFeP-on-gold-plated Ni foam requires an overpotential of only 330 mV at 10 mA cm -2 (Table 1 , all current densities based on projected geometric area), which is 70 mV lower than that of the best commercial precious metal oxide IrO 2 catalyst tested under identical conditions. To the best of our knowledge, this is the first report of an earth-abundant catalyst that consistently outperforms precious metal oxide catalysts in a pH-neutral medium 3, 5-7 (Table 1) . To evaluate the effect of surface area using an additional independent method, we analyzed the surface area via the Brunauer Emmett and Teller (BET) technique. This permitted us to report normalized kinetic current density (referred to as specific activity) as a function of potential versus RHE in order to assess the intrinsic activities of the catalysts. Using this metric, the intrinsic activity of NiCoFeP oxyhydroxide is confirmed to be notably higher than that of the controls ( Supplementary Fig. 17 ). From BET, the high catalytic activity of NiCoFeP oxyhydroxide includes an appreciable intrinsic (not surface-area-related) contribution.
To assess the kinetic barriers involved in OER, we studied the effect of temperature on the performance of the catalysts ( Fig. 3b and Supplementary Fig. 19 ).
OER proceeds more rapidly at elevated temperatures, with an exponential temperature dependence of the chemical rate constant 43 . The electrochemical activation energies extracted from the slope of the Arrhenius plots are lower for the new catalyst than that of the precious metal oxide IrO 2 (Table 1 and Supplementary Fig. 16 ). The most active NiCoFeP catalysts in this study exhibit the apparent barrier value of 27 kJ mol -1 , indicating the high catalytic activity.
Our studies suggest that developing a TM oxyhydroxide having lower Ni
4+
formation energy provides an effective strategy and new guideline to enhance OER catalytic activity (Fig. 3c) . To characterize performance stability, we operated the OER catalyst on gold-plated Ni foam under constant current density of 10 mA cm -2 continuously for 100 hours. We observed no appreciable increase in potential (Fig. 3d) over this time interval. To verify that the catalyst remained physically intact, we checked using ICP-AES for any observable leaching of the constituents into the electrolyte. We were able to detect no measurable elemental loss using this sensitive method.
Consistently high activity throughout the entire duration of stability testing was further confirmed by measuring the rate of O 2 evolution from the NiCoFeP-on-gold-plated Ni foam catalyst. We obtained quantitative (i.e. unity Faradaic efficiency) gas evolution of oxygen to within our available +/-5% experimental error. Our approach to minimize the formation energy required for active metal sites may also promote further avenues to other related oxidation reactions.
We then assembled an electrolyzer that converts CO 2 and H 2 O into CO and O 2 based on NiCoFeP oxyhydroxides as OER catalysts and recently-reported Au nanoneedles as CO 2 reduction catalysts 44 . We achieved a 1.99 V cell voltage at 10 mA/cm 2 , with an electricity-to-chemical-fuel efficiency of 64% (Figure 3e ). This was accomplished in a membrane-free system that avoids membrane resistance. In contrast, when we use an H-cell electrolyzer with bipolar membranes, which enabled the use of state-of-art OER catalyst FeCoW in a favorable alkaline electrolyte, the total cell potential reached 2.37 V and achieved a 54% electricity-to-chemical-fuel efficiency (see Supplementary Table 3 
Synthesis of gelled NiCoFeP oxyhydroxides and controls. All gelled oxyhydroxides
were synthesized using a modified aqueous sol-gel technique 16 .
In-situ X-ray absorption. X-ray absorption measurements at the nickel, Co and iron L- 
